SUMMARY
pathogen-associated molecular patterns. Ten functional TLRs targeting specific structures (lipids, proteins, nucleic acids, and crystals) have been identified in humans. 1, 5 In monocytes, TLRs activate several signalling pathways such as mitogen-activated protein (MAP) kinases, leading to the production of several cytokines, namely tumour necrosis factor-α, IL-1β, IL-6 and IL-8/CXCL8 chemokine (C-X-C motif) ligand 8. Keratinocytes express these cytokines constitutively in very low amounts in resting conditions, and their production increases upon stimulation. 5 TLR4 constitutes the main receptor of lipopolysaccharides (LPS). 6 Several studies have found that TLR4 is expressed in keratinocytes, 7 but other studies have found different results. 8 Some studies have found that TLR4 expression depends on the stage of keratinocyte differentiation, 9, 10 which is correlated with the presence or absence of the inflammasome in keratinocytes.
Several inflammasome pathways have been described, including the canonical pathway which consists of three main effectors, namely NLRP3, the pro-caspase-1 and the apoptosis speck-like protein containing a CARD (ASC) adapter, the later bridging the interactions between NLRP3 and the pro-caspase-1. Assembly of the NLRP3 inflammasome leads to the cleavage of cytosolic pro-IL-1β into the mature proinflammatory cytokine IL-1β by activated caspase-1. 4 Monosodium uric (MSU) crystals activate the NLRP3 inflammasome to recrute the caspase 1 via the ASC adapapter that share a PYD domain with NLRP3
and a CARD domain with the Caspase-1. The immature form of the pro-IL-1β is then cleaved into an active form by the caspase-1. 3 We previously reported that the combination of MSU crystals with LPS activates the NLRP3 inflammasome in human macrophages and results in the production of IL-1β. 11 In this study, we investigated the mechanisms of production of pro-inflammatory cytokines from keratinocytes activated with MSU, notably the involvement of NLR inflammasome, TLR, and MAP kinase pathways. 
| RESULTS

| Synthesis of pro-inflammatory cytokines from keratinocytes stimulated with MSU and LPS
Monosodium
| Investigation of TLR and NLR inflammasome pathways in keratinocytes
To identify the signalling pathways involved, we further examined the mRNA expression of various NLRs (NLRP1, NLRP2, NLRP3, NLRP6,
NLRC4, Absent In Melanoma 2 [AIM2])
and TLRs (TLR1-TLR10) in keratinocytes ( Figure 3 ). We used THP-1 macrophages as a comparative positive control because these cells express high levels of various TLR and NLR inflammasomes. 4, 12 The expression of TLR2 was moderately expressed in both HEK and HaCaT, but it was significantly upregulated after MSU treatment. Others TLRs were moderately or not at all expressed in both HEK and HaCaT. For example, TLR4 is not expressed in primary keratinocytes and is barely detectable in the HaCaT cell line.
We did not detect NLRP3 mRNA in keratinocytes, suggesting that the NLRP3 inflammasome pathway is not involved in the activation of keratinocytes. Also, NRLP6, NLRC4, and AIM2 mRNA were barely detectable, and NLRP1 and NLRP2 mRNA were present at higher levels ( Figure 3 ). 
F I G U R E 1
| Involvement of the MAP kinase pathway in MSU stimulation
To investigate the signalling pathways associated with MSU activation, we used a proteome profiler array to analyse the status of 43 kinase phosphorylation sites in keratinocytes stimulated with MSU and in unstimulated control cells. Monosodium urate significantly induced the phosphorylation of extracellular signal-regulated kinase (ERK)1/2 and MAPK14/p38α, both of which are involved in the MAP kinase pathway. In contrast, the phosphorylation of with no lysine kinase kinase was significantly downregulated by MSU ( Figure 4A ).
Then, we also analysed the time course of MAPK14/p38α phosphorylation in MSU-stimulated keratinocytes by western blotting, using unstimulated keratinocytes as a control. Mitogen-activated protein kinase 14/p38α phosphorylation reached its maximum after 45 minutes of MSU treatment, whereas total MAPK14/p38α showed no variation ( Figure 4B ).
| Involvement of the MAP kinase pathway in the production of IL-8
To confirm the involvement MAPK14/p38α and ERK1/2 in HaCaT, we used selective inhibitors of these kinases ( Figure 5 and chemokines of the CXCL family (seven genes). Consequently, in pro-inflammatory conditions, keratinocyte response produces both S100 proteins (S100A8, S100A9, S100A12) that lead to keratinocyte differentiation and small proline-rich proteins (SPRR1A, SPRR2A, SPRR2C, SPRR2D, SPRR2D, SPRR2E, SPRR2F) that are involved in cross-bridging proteins for the keratinocytes differentiation ( Table 1 ).
The second family of genes of interest that is involved in responding to MSU includes innate response genes, such as defensin (defensin, β4A), and genes associated with Fas-or tumour necrosis factor-α-induced apoptosis immediate early response genes. Of note, immediate early response genes and some other proteins, including dual-specificity phosphatase 6, are known to be involved in phosphorylation of ERK1/2 proteins (Table 1) .
15,16
| DISCUSSION
Keratinocytes are the main cellular constituents of the skin epidermis and are an important line of defence against pathogens. When activated, keratinocytes participate in the inflammatory process through the increased production of several cytokines and/or chemokines.
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In this study, we investigated how different signalling pathways related to innate immunity are involved in this production. We used the 
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We observed that the main components of the NLRP3 inflammasome and TLR4 are not expressed in primary keratinocytes and are moderately expressed in HaCaT cells. These data are consistent with the absence of the production of IL-1β from keratinocytes in our study, but are not consistent with the proposed involvement of the NLRP3-caspase-1 pathway in keratinocytes. 22, 34 We also clearly showed that after MSU stimulation, HEK and
HaCaT cells release IL-6 and IL-8/CXCL8. Both proteins are strongly upregulated in skin during pro-inflammatory disorders such as psoriasis, and lead to leucocyte migration and keratinocyte proliferation and differentiation in the upper level of the epidermis. 35, 36 Interestingly, gene expression profiling showed that several cytokines were also upregulated by MSU. A similar cytokine expression profile was observed in skin lesions, such as psoriatic skin, to which both T helper 2 and T helper 1 cells are frequently recruited. 37, 38 It remains unclear how MSU is recognized by the cells and leads to cytokine release. 39 One study suggested that TLRs are able to recognize the crystal structure of MSU. 40 Based on the Proteome Profiler™ Array (R&D Systems, Minneapolis, MN, USA) results, we found that MSU selectively leads to the phosphorylation of two MAP kinase proteins: MAPK14/p38α and ERK1/2. This observation suggests that these two kinases are involved in the recognition of the MSU, and their activation leads to the upregulation of TLR2, which occurs in several skin disorders for the recognition of microbial pathogens.
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This mechanism is similar to that reported for polycytidylic acid We used selective inhibitors to confirm the involvement of MAPK14/p38α and ERK1/2 in IL-8/CXCL8 expression. These inhibitors impaired IL-8/CXCL8 expression in response to MSU, suggesting the involvement of ERK1/2 and MAPK14/p38α in this process as described previously in monocytes. 43 The inflammasomeindependent pro-inflammatory nuclear factor-kappa B (NF-κB) signalling pathways in keratinocyte proliferation and differentiation has been largely demonstrated. 29, 44, 45 In this regard, we demonstrated that the MAP kinase ERK1/2 or MAPK14/p38α is an alternative pathway involved in keratinocytes inflammatory response.
Inhibition of MAP kinase ERK1/2 or MAPK14/p38α did not completely abolish IL8/CXCL8 synthesis, which confirms the involvement of an additional signalling pathway including NF-κB signalling.
These data are in correlation with gene profile expression results.
The genetic coding for several proteins involved in the ERK1/2 phosphorylation pathway, including dual-specificity phosphatase 6
and immediate early response genes 3, are upregulated upon MSU stimulation. 15, 16 In conclusion, we showed that MSU may induce the production of IL-6 and IL-8/CXCL8 proteins, and it upregulates TLR2 in keratino- or with MSU at 1 mg/mL in endotoxin-free conditions. Monosodium urate was obtained as described previously, 3 and the optimal concentration without cell cytotoxicity was determined to be 1000 μg/mL. 
| Reverse transcription qPCR
Total RNA was extracted with the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and quantified with the NanoDrop system (Thermo 
| Gene expression profiling
Transcriptomic analysis was performed as described previously.
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The cells were incubated with MSU (1 mg/mL) for 12 h. Then, RNA was extracted from cells at 80% confluence (n=3) with the QIAzol Lysis Reagent RNeasy kit (Qiagen), and 200 ng total RNA was transcribed and labelled in vitro using the Low-Input QuickAmp Labeling kit (Agilent Technologies, Santa Clara, CA, USA) in the presence of cyanine 3 (Cy3)-CTP according to the manufacturer's protocol. After purification using the RNeasy Mini Kit (Qiagen), the yield and specific activity of complementary RNA (cRNA) were determined using a NanoDrop system (Thermo Fisher Scientific) (yield, 6.2±0.85 μg cRNA; specific activity, 13.46±1.59 pmol Cy3/μg cRNA).
An equal amount (600 ng) of Cy3-labeled cRNA was fragmented and subsequently hybridized for 18 hours onto human SurePrint 
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Microarray data are publicly available from the gene expression omnibus database (www.ncbi.nlm.nih.gov/geo; GSE65931).
| Enzyme-linked immunosorbent assay (ELISA)
Cytokines were quantified by ELISA with the Human DuoSet (R&D Systems) for IL-6 (DY206) and IL-8 (DY208) according to the manufacturer's protocol.
| Western blotting
Cells were collected and washed with cold phosphate-buffered saline.
Phospho-p38α (#9211) antibody and total-p38α (#9212) antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). 
| Human phosphoprotein array
Cells were harvested at 10 7 cells/mL after 45 minutes incubation with MSU. Protein was quantified with the BCA Protein Assay Kit (Pierce).
A total of 700 μg whole cell lysate was applied to the phosphoprotein array according to the manufacturer's instructions (Proteome Profiler
Human Phosphokinase Array kit, R&D Systems).
| Statistical analysis
Experiments were performed in triplicate. Results are presented as means±SD. Comparisons between the experimental and control conditions were performed with a Mann-Whitney U test.
For transcriptomic analysis, comparisons were made with an unpaired t test. The cut-off fold change was 2 with a P-value of .05.
